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Summary The palate is the ceiling of the oral cavity that separates the nasal and oral cavities
in mammals. Anterior two-thirds of the palate that has the bone and the rugae on the oral surface
is the hard palate, and the posterior one-third of the palate lacks bone and is referred to as the
soft palate. Palate development involves a sequential process of outgrowth, elevation, and fusion
of palatal shelves. When these steps are interrupted or compromised, cleft palate, one of the
most frequent human congenital anomalies, develops. In particular, during the elevation process,
sufficient proliferation of palatal mesenchymal cells and concomitant synthesis of extracellular
matrix (ECM) are required, and these are referred to as intrinsic factors. One of major extrinsic
factors for this process is the functional maturation of masticatory muscles that are responsible
for movement of the mandible and lingual muscles, such that the tongue can descend and
sufficient space for shelf elevation is provided. In addition to these factors, recent findings have
suggested that a third factor, epithelial integrity, may be an essential component for successful
shelf elevation. For example, disruption of epithelial integrity can result in ectopic epithelial
fusion between the palate and the mandible, or tongue, which anchors the palatal shelf to inhibit
its elevation. Although most histological and molecular aspects of palatal elevation have been
well reviewed, those of epithelial integrity have not been thoroughly elucidated. Therefore, in
this review, features of epithelial integrity, and its contributing molecules, are described in
relation to palatal shelf elevation in mice.
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In mouse palate development, the primary palate originates
from the nasal prominence, and the secondary palate devel-
ops from bilateral maxillary prominences. In mice, palatal
shelves grow in the inferior direction along the side of the* Corresponding author. Tel.: +81 3 5803 5579; fax: +81 3 5803 0213.
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doi:10.1016/j.jdsr.2011.07.001developing tongue between embryonic days (E) 12.00—
13.75. This first step of palatal development is descending,
outgrowth, elongation, or growth. At E13.75—14.00, the
palatal shelves change their direction of growth from vertical
to horizontal in order to be located above the dorsum of the
tongue. This second dynamic step is elevation, redirection,
or reorientation. After the process of elevation, the palatal
shelves continue their growth to meet each other at the
medial edge epithelium (MEE), referred to as the contact or
meeting step. At E14.50—15.00, the shelves fuse to each
other through a metamorphism of the MEE, and this final step
of palatal development is the fusion process, and results in al Science. Published by Elsevier Ltd. All rights reserved.
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During this process, fusion of the primary palate that had
grown horizontally from the front nasal prominence and
anterior edges of the palatal shelves also occurs, thereby
completing formation of the palate. However, if one of these
steps is interrupted, a cleft palate develops.
Factors involved in palatal shelf elevation
Palatal shelf elevation occurs as a result of dynamic changes in
the ECMs and cell proliferation in the palatal mesenchyme.
Among the ECMs, hyaluronic acid (HA) and collagen type I have
been suggested to be major contributors to the process of
elevation [1]. HA is characterized by contribution to high tissue
elasticity due to its hydrophilicity, its association with water
results in a rapid increase in tissue volume and elasticity. This
rapid expansion is believed to be a major intrinsic contributor
to palatal elevation, with the alignment of collagen fibers
along the long axis of the palatal shelf that provides the rigidity
in the direction of expansion and elevation. One of the exter-
nal factors that contribute to palatal shelf elevation, is the
tongue movement. At E13.50, the intrinsic and extrinsic ton-
gue muscles begin to function, extrinsic lingual muscles allow
the embryo to start suckling and swallowing, while intrinsic
muscles facilitate a change in the shape of the tongue so that
the position of the tongue can descend to provide sufficient
space in the oral cavity for shelf elevation [2].
Epithelium of the palatal shelf in the vertical direction can
be divided into three regions: the medial epithelium, the
lateral epithelium, and the MEE. The medial epithelium that
covers the medial side of the shelf develops into the pseu-
docolumnar epithelium of the nasal cavity [3]. Similarly, the
lateral epithelium of the palatal shelf becomes squamous
oral epithelium that constitutes the ceiling of the oral cavity
[3]. The epithelium at the tip of the palatal shelves is the
MEE, at which bilateral palatal shelves contact and fuse. Oral
epithelium, including the MEE, comprises two layers of
epithelia during development, a flat periderm layer and a
cuboidal basal cell layer. The surface layer of the periderm
forms from the basal cell layer and persists throughout
embryogenesis [4]. Moreover, recent findings suggest that
proper differentiation of the oral epithelium provides epithe-
lial integrity for palatal elevation, and the loss of epithelial
integrity results in ectopic epithelial fusion, leading to inhi-
bition of palatal shelf elevation. These findings possibly imply
human condition of intraoral synechiae associated with the
development of cleft palate [5—7]. However, mechanisms
responsible for this anomaly have not been elucidated,
although in mice, the presence of oral epithelial fusion in
some mutant mice strains has been reported [8—13].
Periderm formation is regulated by an Irf6-
p63 regulatory feedback loop
Van der Woude syndrome (VWS; OMIM119300) and popliteal
pterygium syndrome (OMIM119500) are characterized by
cleft lip and/or palate accompanied by mucosal cyst
(referred to as a ‘‘pit’’) on the lower lip, as well as hyper-
proliferative epidermis that fails to undergo terminal differ-
entiation to cause soft tissue fusion. Various genomic
analyses as well as analyses of various mutant mouse modelshave identified the Interferon regulatory factor 6 (IRF 6) gene
encoding a helix-turn-helix transcription factor is responsible
for a subset of individuals with VWS and popliteal pterygium
syndrome [14—16]. Irf6 is expressed in the oral epithelium,
and its loss of function in mice (Irf6R84C/R84C) is associated
with an inhibition of periderm formation and disorganization
of the basal cell layer in mice. In the homozygous mutant of
Irf6, disruption of keratin localization was observed, along
with ectopic expression of E-cadherin on the surface of the
epithelium. This ectopic localization has the potential to
induce homophilic binding of E-cadherin between epithelia in
close proximity, resulting in tissue fusion. Interestingly, this
phenotype is also found in the heterozygote model of
Irf6(Irf6+/R84C). Irf6 expression is directly regulated by
p63, a transcription factor required for ectodermal organo-
genesis and differentiation, Irf6 then feeds back to induce
degradation of the p63 protein. According to this Irf6-p63
regulatory-feedback loop, keratinocytes undergo differen-
tiation [8,9]. Consistent with this finding, p63 is up-regulated
in the Irf6R84C/R84Cmouse, in which p63 degradation system is
expected to be inhibited (see Fig. 1).
Notch signaling is involved in periderm
differentiation
Jag2 encodes one of five cell surface ligands for the Notch
family receptors, and targeted deletion of Jag2 (Jag2dsl/dsl)
results in cleft palate due to aberrant adhesions between
palate and tongue epithelia [10]. The gene expression pat-
tern of Notch family receptors during palate development
suggests that the predominant receptor of Jag2 in the oral
epithelium is Notch1 [17]. Indeed, Notch1 receptor activa-
tion is preferentially observed in the periderm, not in basal
cells of wild-type controls, and is reduced in the Jag2dsl/dsl
mutant. Furthermore, tongue epithelium of the Jag2dsl/dsl is
regionally thickened, containing four to five cell layers of
stratification, compared to only two cell layers present in
wild-type. In addition, while the surface periderm layer is
present in the mutant, it appears to lose intercellular con-
tacts and flattened nuclei are observed, suggesting that Jag2
plays a role in periderm differentiation [10].
Interestingly, the expression profile of Jag2 is not altered
in the Irf6R84C/R84C mutant, suggesting that Irf6 and Jag2
contribute to the processes of formation and differentiation
of oral epithelium, respectively. Ectopic epithelial fusion
between the palatal epithelium and the lateral surface of
the tongue or mandibular epithelium was found in the
Jag2dsl/dsl and the Irf6+/R84C; Jag2+/dsl as well as the Irf6
R84C/R84C. However, fused epithelia do not completely dis-
appear in any of these mutants, only partial disintegration of
the epithelial seams between the medial epithelium and the
lateral epithelium of the tongue was found in area of the
presumptive palatal MEE in Jag2dsl/dsl and Irf6+/R84C; Jag2+/dsl
mice. TGFb3 signaling has been shown to play an important
role in MEE disintegration [3], and expression of TGFb3 is
induced in the most of fused area. Intriguingly, phenotype of
these mutants therefore suggests that expression of TGFb3 is
not sufficient to induce disappearance of the ectopic epithe-
lial seam. As discussed above, Irf6 null mice fail to develop
the periderm, while at least formation of the periderm occurs
in both Jag2dsl/dsl and Irf6+/R84C; Jag2+/dsl mutants. There-
Figure 1 Molecules responsible for epithelial integrity in palatal development. Notch, Fgf and Bmp signaling functions in epithelial—
mesenchymal interaction to be associated with the Irf6-p63 regulatory feedback loop in the epithelium. Molecules of which deficient
mice are shown to have impaired epithelial integrity are indicated in bold. Arrows and stop bars represent positive and negative
regulation, respectively. The dotted line represents the epithelial—mesenchymal border.
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require periderm formation the seam degradation depends
on subsequent differentiation of the oral epithelium. Since
presumptive MEE was disintegrated in some of the mutants,
different properties of the epithelia between palate, tongue,
and mandible has to be taken into consideration for further
study.
The transcription factor, Hes1, is one of the targets of
Notch signaling. Hes1 expression has also been detected in
the periderm of the oral epithelium, which is confirmed by
the absence of Hes1 expression in the Irf6R84C/R84C fetus.
Although Irf6+/R84C; Jag2+/dsl fetuses develop the periderm,
expression of Hes1 is not detected in the periderm. Moreover,
targeted deletion of Hes1 does not induce ectopic epithelial
fusion, yet the MEE fails to disappear after MEE contact. In
combination, these observations suggest that Hes1 is not
directly associated with epithelial integrity, but rather is
involved in epithelial seam degradation.
FGF10/Fgfr2b signaling is required for both
epithelial integrity and mesenchyme
proliferation
It has been hypothesized that Fgf10/Fgfr2b signaling coordi-
nates epithelial—mesenchymal interactions during palate
formation. Fgf10 is expressed in the mesenchyme of devel-
oping palatal shelves, and its corresponding receptor, Fgfr2b,
is expressed in the adjacent epithelium. Both Fgfr2b/ and
Fgf10/mutants exhibit a similar phenotype, impaired shelf
growth and ectopic epithelial fusion between the palate and
the mandible [18,19].
Impaired palatal shelf growth in these two mutant mouse
lines is attributed to reduction in cell proliferation in both
the palatal epithelium and the mesenchyme in the report by
Rice et al. [18]. Sonic hedgehog (Shh) is a protein that is
involved in many aspects of developmental processes includ-
ing the secondary palate formation and exclusively expressed
in the palatal epithelium. Expression of Shh is dramatically
reduced in Fgfr2/ and FGF10/ mice. Shh treatment onpalatal mesenchyme explants from wild-type fetuses has
been shown to induce cell proliferation. Taken together, it
is suggested that Fgf10 secreted from palatal mesenchymal
cells binds to Fgfr2b in the epithelium to induce Shh expres-
sion, which subsequently transduces a signal to mesenchymal
cells to proliferate. However, a study by Alappat et al. (2005)
found no significant difference in the mesenchymal cell
proliferation associated with Fgf10/ versus wild-type
fetuses [19]. It seems that cell proliferation in the epithelium
is reduced in both Fgfr2/ and FGF10/ mice and these
mutants show an abnormal shape of the palatal shelf,
whereas cell proliferation activity in the mesenchyme does
not appear to be dramatically altered in the report by Rice
et al. (2005). In contrast, homozygous deletion of exon 2 of
the Shh gene results in severe defects in axial structures, as
well as in craniofacial structures, which does not allow a
study of palate formation to be conducted [20]. In the K-
14cre/Shhc/n conditional transgenic mouse, in which Shh
exon 2 is deleted in one allele and conditionally deleted in
the other allele using a keratin 14 promoter driven expression
of cre recombinase, relatively normal craniofacial structure
is observed, accompanied by a cleft palate with rudimentary
palatal shelves spaced widely apart [18]. The underlying
mechanism of cleft palate formation in the K-14cre/Shhc/n
mouse has not been elucidated. Distinct from the K-14cre/
Shhc/n, ShhN/+ mutant lacks a N-terminus required for cho-
lesterol modification in one allele, which results in a failure
of palatal fusion and subsequent mineralization of the palatal
bone within [21]. Lack of cholesterol moiety results in
greater diffusion of Shh and prolonged signaling, which is
proposed to account for the observed phenotype. Ectopic
fusion of the epithelium is not found in these Shh mutants,
suggesting that FGF10/Fgfr2b signaling has a role in two
independent pathways involved in palate development: (1)
induction of Shh expression for mesenchyme cell prolifera-
tion, and (2) an alternative pathway that affects epithelial
integrity.
In the Fgf10/ mutant, transcription of Jag2 and p63 in
the epithelium is significantly reduced, which is consistent
with the cleft palate phenotype associated with Jag2 and p63
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exhibit epithelial fusion, suggesting that expression of Jag2
and p63 are independently regulated by FGF10 signaling, and
expression of Irf6 in the oral epithelium is regulated not only
by p63, but by other factors as well. Indeed, in p63 null mice,
although a cleft palate phenotype is present, Irf6 expression
in the E13 fetal ectoderm is not completely disrupted [23].
Therefore, it is possible that periderm formation may not be
completely inhibited and periderm differentiation is main-
tained to some extent in the p63 null mouse. Ectopic expres-
sion of TGFb3 has also been detected in the oral epithelium of
Fgf10/ mice, and in this model, cell death is induced
resulting in mesenchymal continuity between the palate
and mandible [19]. There has been no study reported to
indicate that periderm formation or differentiation takes
place in the Fgf10/ mutant. It would be very intriguing
to use the mutant to investigate the mechanism of the seam
degradation as a consequence of loss of epithelial integrity.
Is Bmp signaling an independent factor in
epithelial integrity?
Bone morphogenetic proteins (Bmps) are a family of
secreted proteins that contribute to a variety of develop-
mental processes. For example, Bmp2 and Bmp4 have been
shown to be significant factors in the proliferation of
mesenchymal cells during palatogenesis [24]. Correspond-
ingly, Bmp2 is expressed in the anterior palatal mesenchyme
and the posterior nasal side of the palatal mesenchyme [12],
while Bmp4 expression has been detected in the anterior
palatal mesenchyme along the MEE. Functions of these Bmp
ligands have been well characterized in the Noggin/
mouse model that exhibits cleft palate at 100% incidence
[12]. Noggin is a preferential inhibitor of Bmp2, Bmp4, and
Bmp7 ligands, and is expressed throughout the oral epithe-
lium during palate development. In the Noggin/ mouse,
elevation of the palatal shelf occurs in the anterior region,
but not in the posterior region, due to the presence of
palatal—mandible fusion, which has been recapitulated by
ectopic activation of BMP signaling in the oral epithelium by
expression of constitutively active form of Bmpr-Ia. Since
Noggin is expressed in the oral epithelium from E11.5 at the
latest when periderm formation takes place, Noggin appears
to have a role in the early stages of craniofacial develop-
ment. In the Noggin mutant, the lateral epithelium of the
oral epithelia undergo apoptosis along with ectopic expres-
sion of TGFb3. Further analyses of the mutant have demon-
strated that phosphorylated Smad1/5/8 was detected more
frequently in the epithelium and mesenchyme of oral side of
palatal shelves. Cell proliferation is more active in the
palatal shelf epithelium of Noggin/mice versus wild-type
mice. In the mutant, ectopic cell death of the periderm of
the palatal epithelium appears to induce palatal—mandible
fusion, which disturbs palatal elevation. This observation
suggests that ectopic periderm cell death results in loss of
epithelial integrity. Hand2 is a basic helix-loop-helix tran-
scription factor that has been proposed to be a downstream
target of BMP signaling [24]. Although Hand2 is expressed in
both the epithelium and the mesenchyme during palate
formation under the control of BMP signaling, it has been
shown that epithelium-specific expression of Hand2 gene isessential in palate formation. Epithelial-specific deletion of
the Hand2 gene results in loss of epithelial integrity, epithe-
lial fusion between the palate-mandible or palate-tongue
due to cell death of the periderm [13]. In the Hand2 mutant,
epithelial seam is eventually disrupted, therefore it would
be interesting to investigate if periderm develops in
Noggin/ and Hand2 mutant mice.
Conclusions
To date, the properties of epithelial integrity have not been
fully elucidated. However, it has been demonstrated that
periderm formation, differentiation, and maintenance of the
oral epithelium are minimal requirements for normal pala-
togenesis. Moreover, epithelial seam degradation in the oral
epithelium does not appear to be directly associated with
epithelial integrity. Furthermore, although the network of
molecular interactions between Irf6-p63, FGF10-Fgfr2b-
Jag2, and BMP-Hand2 remain to be elucidated, accumulating
evidence indicates that these molecules are keys to under-
standing epithelial integrity.
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